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Abstract 
Composites manufacturing involves many sources of uncertainty associated with material properties 
variation and boundary conditions variability. In this study, experimental and numerical results 
concerning the statistical characterization and the influence of inputs variability on the main steps of 
composites manufacturing including process-induced defects are presented and analysed. Each of the 
steps of composite manufacturing introduces variability to the subsequent processes, creating strong 
interdependencies between the process parameters and properties of the final part. The development 
and implementation of stochastic simulation tools is imperative to quantify process output variabilities 
and develop optimal process designs in composites manufacturing.  
1. Introduction  
The manufacturing process of composite materials involves many uncertainties which can result in a 
considerable amount of scrap associated with significant cost and environmental implications. 
Furthermore, the existence of defects generated due to variability can compromise the performance of 
composite components, leading to the use of more conservative designs that do not fully exploit the 
performance and environmental opportunities offered by composites. These uncertainties can be 
summarised as follows [1,2]:  
(i) fibre architecture variations which are usually generated during production, handling or 
storage of pre-pregs, dry textiles and performs. 
(ii) matrix material uncertainties caused by variations in storage conditions or uncertainties in 
resin composition and formulation. 
(iii) variations in environmental parameters and process conditions.  
Fibre heterogeneity can significantly affect the forming/draping step [3], as well as introduce 
permeability and thermal property uncertainty affecting the filling and curing steps of processing. 
Furthermore, fibre architecture governs the structural performance of components with local 
variability playing a critical role in non-linear phenomena such as failure and damage. Matrix material 
uncertainties influence the filling and curing stages which in turn influence the quality of the final 
product. Variations in process parameters may affect all manufacturing steps and consequently the 
quality of the component. A design approach that would take these effects into account explicitly 
would need to be based on stochastic simulations of composites manufacturing which would allow 
quantification of process outcome variability as a function of material selection and process parameter 
definition decisions made at an early stage. 
Stochastic simulation involves four main steps; a) quantification of the input variable uncertainties 
(uncertainty quantification), b) development of a stochastic model representing the variability of 
uncertain parameters and their cross correlation (stochastic model), c) implementation of a model that 
propagates uncertainty through a deterministic process model (propagator), d) quantification of the 
output parameters uncertainty [4,5]. The input variables are considered to be either time independent 
random parameters which can be described by multivariate probability distributions or random fields, 
or time dependent stochastic processes described by stochastic differential equations. The random 
fields or stochastic processes are uncovered by carrying out relevant experiments.  
The aim of the present paper is to summarise the state of the art on experimental and stochastic 
simulation methodologies and results focusing on statistical characterisation and the influence of 
inputs variability on the main steps of composites manufacturing including process-induced defects as 
well as to highlight the interdependencies between the process parameters. Uncertainty introduced by 
experimental methods and modelling practices is also included.  
2. Stochastic simulation methods 
Stochastic simulation methods can be divided into two categories; intrusive and non-intrusive. 
Intrusive techniques involve reformulation of the main model equations while non-intrusive 
techniques treat the main model as an independent model. The most common non-intrusive method is 
the Monte Carlo scheme, which is a sampling technique used to generate random samples of input 
variables values from their respective statistical distributions [4]. Since random sampling is used, a 
quite large number of the deterministic main model runs is usually required to ensure convergence 
and accuracy, leading to high computational cost, especially in the case of complex and multi-
dimensional stochastic problems [6]. The Spectral Stochastic Finite Element (SSFEM) method is the 
most common intrusive technique [7]. It uses the Karhunen–Loève (K–L) expansion to discretise the 
input random field and the polynomial chaos expansion to represent the output variables using a set of 
orthogonal functions [7]. The coefficients of the polynomial chaos expansion are calculated using the 
probabilistic Galerkin approach. The domain of the solution incorporates the probability space 
resulting in a system of equations significantly larger than that of the deterministic problem, with the 
associated increase in computational costs [6]. The Probabilistic Collocation method offers an 
intermediate solution between Monte Carlo and stochastic finite elements. This method is similar to 
the SSFEM using both the K–L expansion and the polynomial chaos expansion to represent the input 
and output random fields, respectively. However, the unknown polynomial chaos coefficients are 
calculated by the probabilistic collocation approach, which is also a weighted technique for 
minimising residuals. The collocation points are the roots of the next higher order orthogonal 
polynomial for each stochastic parameter and are chosen so that the residuals between the polynomial 
chaos expansions and model outputs approach zero, implying that the collocation points are selected 
from regions of higher probability. Consequently, a system of linear equations is obtained for every 
output parameter. Using this sampling method, no reformulation of the deterministic model is 
required, which is solved several times for each collocation point. This of course has significant 
benefits in terms of computational efficiency when the number of stochastic components is relatively 
low [6].  
The capabilities of the collocation method have been demonstrated in the context of composite 
manufacturing in the case of simulation of RTM filling. The results indicated the capability of the 
technique and its significant benefits compared to Monte Carlo [8]. More details concerning the 
SSFEM and the probabilistic collocation method can be found in [6,7].    
3. Variability of dry textiles and pre-pregs 
Variability is present in all forms of textile reinforcements including pre-pregs and dry textiles [9]. 
Variability in as supplied-dry reinforcements and pre-pregs is associated with tow waviness (Fig. 1), 
tow size and shape variations, distribution of fibres inside the tows, resin content variations and is 
generated during production, handling or storage [9-12]. For instance, the alignment and stiffness 
characteristics of the rollers used during the production of pre-pregs, can sometimes cause resin 
content variations, or the way pre-pregs are wrapped on to a drum for storage can cause wrinkles 
which in turn may result in considerable tow misalignment [9,12]. Geometrical variability of tows 
spreads to adjacent locations due to friction forces at tow crossovers (woven textiles) and fibre 
continuity [10] resulting in spatially correlated random fields of the uncertain variables. Fibre 
orientation variability can be described by a normal distribution [10,13-16] combined with strong 
spatial autocorrelation spread over several unit cells of the textile [10]. An experimental investigation 
of the internal geometry of 3D woven textiles using micro-computed tomography underlined the 
importance of variability in dry reinforcements [17]. The coefficient of variation of the dimensions of 
the tows and the inter-tow spacing reaches values of 16 and 6%, respectively. Experimental results on 
the internal geometry of a non-crimp woven fabrics show variability in the range of 4-8% for the tows 
dimensions, of 3-4% for tow spacing [18]. These sources of variation exist in the reinforcement in its 
as received state, setting the minimum level of uncertainty in all subsequent steps of composite 
manufacturing. 
4. Uncertainty in forming/draping 
The forming/draping stage of the manufacturing process causes significant shear deformation in the 
case of doubly curved components [19]. There are two main mechanisms of shear deformation during 
the forming/draping step; scissoring i.e. the change in the inter-fibre angle, and inter-fibre sliding 
which occurs in processes involving extremely high deformations [20,21]. These phenomena can lead 
to wrinkles and can be eliminated using localised stitching [22]. Shear deformation has significant 
impact on local fibre volume fraction and thickness; regions of higher deformation present an increase 
in fibre volume fraction or thickness depending on whether the tooling used is rigid or not [21]. Pre-
pregs and dry textiles are not perfectly aligned therefore additional localised buckling and wrinkling 
may occur affecting the forming behaviour of the material [23]. Stochastic simulation shows that tow 
orientation uncertainties can cause significant variations in the outcome of the forming of woven 
composites, with coefficients of variation of minimum and average wrinkling strain in the range of 
10-20% [10]. Initial tow waviness of as-received unidirectional pre-pregs may have beneficial effects 
during draping, since additional waviness can be introduced instead of tow misalignment, which may 
eliminate the formation of wrinkles [12]. Apart from the initial fibre angle variations, boundary 
conditions uncertainty, such as variations in the blank holder force may also influence the forming 
step [24]. Furthermore, the fact that there is a large number of ways to drape over a complex geometry 
implies additional uncertainty of the process [9,12]. In general the manifestation of variability is more 
pronounced when manual work is involved. Mechanical conditioning is considered to be a way to 
increase repeatability and to reduce variability since the tow tensions due to weaving can be balanced 
[19]. However, it is very difficult to apply mechanical conditioning in industrial applications unless 
the handling is adapted for this purpose.  
Therefore, the shear behaviour of reinforcements can show significant variations from part to part. As 
it will be reported in the next sections, these effects can influence a wide variety of parameters such as 
the permeability, the development of residual stresses during the curing stage, dimensional accuracy, 
and the mechanical properties of the final part indicating the presence of strong interdependencies of 
various sources of variability in composite manufacturing [9,20-22].  
5. Uncertainty during impregnation/consolidation 
Permeability of dry reinforcement is the key parameter controlling the impregnation step in liquid 
composite moulding processes. Significant amount of research has been carried out concerning 
permeability evaluation to allow consideration of process issues such as formation of dry spots and 
voids; extended impregnation cycles, uneven impregnation and resin rich pockets [25]. Preform 
architecture variability due to different handling and storage conditions or shear deformations during 
the forming/draping stage, nesting effects during lay-up, low resistance channels along the preform 
causing macroscopic and microscopic voids, and random experimental errors result in considerable 
permeability variations [11,26-28]. Other sources of uncertainty in the impregnation stage can be resin 
viscosity variations, foreign material inclusion during impregnation, preform volume fraction 
variations, as well as accidental misplacement of the preform in the mould [5,29]. Experimental and 
simulations results using non –crimp fabrics have shown that there is a linear relationship between the 
coefficient of variation of permeability and the coefficient of variation of fibre volume fraction 
[13,30]. Several experimental and simulation studies have outlined the stochastic nature of 
permeability. Relative standard deviations up to 20% were observed during permeability 
measurements [14,26,27,31-36], while according to other results permeability relative standard 
deviation can reach values up to  30% [13]  (Table 1). The high scatter observed in [13] is probably 
due to the small number of experiments compared to the other studies. Nesting is one of the primary 
reasons for this large scatter in permeability [27]. In addition, experimental results have indicated that 
the anisotropy ratio of in-plane permeability which dictates the filling pattern and thus is of crucial 
importance for mould design can also show strong variability following a lognormal distribution [27]. 
Different anisotropy distributions among different textiles are observed, even when the distribution of 
the principal permeability values is similar [37]. For instance, a plain weave fabric shows the largest 
scatter in anisotropy, while a twill weave shows the smallest. This implies that the principal 
permeability values may show strong correlation in some preforms, whereas in other materials little or 
no correlation may be observed [37]. Preforms with strong correlation and small anisotropy scatter, 
are expected to be manufactured more consistently. The flow pattern can considerably vary even for 
configurations of the same porosity, implying that the latter alone cannot be used to predict 
permeability [38]. Furthermore, for porosities in the range of 0.45-0.7, transverse permeability 
decreases as the fibre heterogeneity increases [38]. This phenomenon is attributed to the formation of 
narrow gaps between the fibres which lead to permeability reduction. Permeability can show 
considerable variations at the micro-scale; inside the fibre bundles [39]. These findings indicate that 
permeability should be described as a stochastic variable and thus a large number of experiments are 
required to measure it properly [37]. According to Hoes [27], at least 20 experiments are required to 
have a proper estimate of the mean value, whereas at least 30 experiments are required to have a 
proper estimate of the standard deviation. Similarly with tow orientation, it has been shown that 
global permeability values can be described by a normal distribution [13-16]. However, simulation 
results indicated that permeability at the mesoscale (unit cell size) cannot be represented by a normal 
distribution [30]. This was also observed in the case of a random mat [40].  
5.1 Preform heterogeneity effects 
As mentioned in section 4, during the draping step the preform is subjected to significant shear 
deformation intensifying the already existing geometrical heterogeneities. As a result, the draping step 
affects significantly the local permeability values and thus the flow rate and the injection pressure by 
altering the permeability anisotropy ratio, fibre volume fraction and porosity distribution in the textile 
[21,25,26]. The permeability decreases in a non-linear manner with increasing fibre volume fraction 
[21,27]. Consequently, one would expect that shear deformation caused during draping would always 
reduce the local permeability values in the regions of high shear. However, flow visualization results 
indicate that in some cases high volume fraction regions caused by shear deformation during draping, 
may result in higher permeability values. The effect of draping on permeability is characterised by 
three competing effects; the reduction of local permeability due to higher fibre volume fraction in the 
regions of high shear, reorientation of fibres due to shear leading to reorientation of the permeability 
principal axes, and the fact that a smaller amount of resin is required to saturate the textile in the 
regions of high volume fraction. Therefore, although fibre volume fraction is higher at these regions, 
the flow front can be faster [21]. Similar results are found in radial injection experiments, in which the 
permeability in the fibre direction was found to increase slightly with increasing shear up to a 
maximum, followed by a reduction, whereas transverse permeability was found to decrease 
continuously as the shear angle increases [25]. Consequently, when the fibre volume fraction effects 
dominate, the permeability is locally reduced due to shear deformation, while the opposite effect 
occurs when the influence of the reorientation of the permeability principal axes is more pronounced.  
While preform permeability is dependent on fibre distribution at microscopic level, i.e. within fibre 
tows and bundles, [28] as well as at macroscopic level, i.e. fibre angle uncertainties, the flow front 
shape is locally determined by the size of the unit cell [1,2,13]. Fibre architecture variability at 
macroscopic level can be described by the fibre angle variation, and the fibre-void distribution [2,13]. 
Since geometrical uncertainties are spread to adjacent locations in the material, the in plane fibre 
spacing can be modelled by continuous random fields based on a spectral expansion [1]. Stochastic 
simulations based on this approach as well as experimental results, showed that although the global 
permeability distribution is governed by local permeability variations [29] (global permeability is the 
spatial harmonic mean of the local permeability), global and local permeability uncertainties should 
be differentiated [1,13]. Fibre-void distribution heterogeneities imply high angle variations, which 
consequently result in higher local permeability variations. The global permeability variations in turn 
increase rapidly with fibre angle variations, until they reach a maximum. Thus, there is a critical point 
beyond which the global permeability variations start to decrease. Nonetheless the local variations are 
high, at the global scale; the textile appears to be more uniform leading to lower global variances [13]. 
In the case of smaller moulds the effect of fibre misalignment at the mesoscale, whether large or small 
is dominant.  On the other hand, as the mould dimensions increase, these local inhomogeneities tend 
to cancel each other out and the textile appears to be more uniform leading to lower global 
permeability variations [13,30]. This suggests that the global permeability distribution is governed by 
the mould dimensions; larger moulds lead to lower global permeability variations [30].    
5.2 Nesting effects 
Nesting during the lay-up process is governed by both mechanical and geometric phenomena, and it is 
of crucial importance as it affects the permeability, the thermal conductivity and the mechanical 
behavior of the composite. In general, nesting affects the laminate thickness, the fibre volume fraction 
and the pore pattern. Therefore nesting can introduce significant spatial scatter in laminate properties 
at different locations over a composite part, as well as considerable batch to batch variability [30-34]. 
Compressibility studies have clearly indicated that irrespective of fabric type, for a given pressure, the 
thickness per layer decreases due to nesting [30-35]. However, in the results presented in [36], the 
thickness per layer increased with increasing the number of lamina layers, as a result of friction 
between the layers which prevented the occurrence nesting. 
Several experimental and computational studies have identified the importance of nesting on 
permeability variation, implying that nesting variability is the main reason for permeability scatter. 
Simulations investigating the effect of nesting on the permeability of plain weave fabrics showed that 
permeability values can vary by an order of magnitude between maximum and zero nesting conditions 
[37,38]. Experimental results using a large number of samples demonstrate a high permeability 
variation; the highest measured value can be three times the lowest one [15]. The same order of 
scatter can be identified in local permeability calculations using the pore network technique [39]. 
Nesting can show considerable scatter associated with several parameters. It has been shown that 
shear deformation has a great impact on nesting. In particular, a textile is less prone to nesting if it is 
subjected to shear deformation [40]. Consequently, at higher shear angles the scatter in thickness per 
layer is reduced.  
Furthermore, nesting can be confined by increasing the tightness of the textiles. When the fibre tows 
are placed tighter, the “hills and valleys” of fibre tows are steeper and nesting is more difficult to 
occur. Inter-tow spacing also affects nesting. The textile tightness decreases as the inter-tow spacing 
increases, and hence nesting is less pronounced leading to lower thickness variation. Therefore, tow 
angle variations influence indirectly nesting, as they are associated with inter-tow spacing. In the case 
of non-crimp fabrics the stitching pattern dictates nesting [40]. Nesting is also influenced by the tool 
properties, such as mould stiffness and surface condition, as well as the compression force during 
consolidation. These effects have not been investigated so far. 
Another phenomenon associated with compressibility and nesting effects is the formation of resin rich 
zones. Resin rich zones are usually formed in the gaps between the internal mould surface and the 
textile preform, as well as in the fabric, around stiches [41]. During consolidation shifting of the 
preform may also result in resin rich pockets [9]. In the case of curved parts resin rich zones may be 
formed due to the fact that the preform tends to fit tightly around the corner regions [41]. 
Furthermore, nesting of individual fibre tows may cause local resin rich zones in the regions between 
the tows.  As a result, resin rich zones can lead to additional out of plane tow misalignment having 
detrimental effects on the mechanical properties of the final part [9].  The formation of resin rich 
pockets is difficult to predict, and consequently introduces considerable variability in the process. The 
magnitude of the gap between the mould inner surface and the preform is a function of the friction 
between the mould and the preform as well as of the compressibility of the preform [41]. This implies 
that uncertainties on tooling properties such as friction coefficient due to repetitive usage or variations 
on the properties and the amount of release agent may influence the formation of resin rich pockets.  
5.3 Edge effects 
Race tracking is a source of preform permeability uncertainty during liquid moulding processes [42]. 
Race tracking is inevitable in industrial applications and refers to edge effects caused by imperfect fit 
between the preform and the edges of the mould [43-45]. As a result, low flow resistance channels are 
formed along the edges, where the resin flow front moves faster and the local permeability is 
considerably higher [43,44]. This phenomenon introduces significant variability since it is only 
dependent on how the textile is cut and placed into the mould cavity [44]. A statistical study showed 
that the permeability values caused by race-tracking can be described by a Weibull distribution [43]. 
Therefore, in the case of one-dimensional permeability experiments where race tracking is likely, the 
Weibull distribution can be used to characterize permeability instead of the conventional normal 
distribution [46].  
5.4 Void formation 
Liquid composite moulding processes often suffer from flow-induced voids leading to poor part 
quality. Entrapped voids can influence the stress distribution in the part and lead to stress 
concentrations, which can eventually result in local failure. Experimental studies have shown that for 
a 1% increase in void content, the flexural strength, flexural modulus, and inter-laminar shear strength 
can decrease more than 5% [47-49]. Void formation also reduces the fatigue strength and durability of 
the material and makes it more susceptible to environmental conditioning and moisture absorption. 
Due to these detrimental effects, the void content should be minimised as much as possible. The 
mechanisms leading to entrapped voids are associated with preferential flow channels arising from 
preform heterogeneities which in turn lead to permeability variations [50]. Thus, void formation can 
be considered to be a directional phenomenon [51]. However, in some cases void formation is not 
related to resin flow, and can be attributed to initial resin air content, release agent evaporation and 
volatiles formed by the reaction products during cure [50]. These mechanisms are more pronounced in 
autoclave processes [52].  
Two distinct flow patterns occur during resin impregnation due to fibre architecture heterogeneities: 
viscous flow, which is pressure driven and dominates in macro-pores and capillary flow which is 
dominant in micro-pores due to capillary forces [52,53]. The flow front is usually uneven between 
these two mechanisms, leading to the formation of voids. The viscous flow leads the capillary flow at 
high injection rates, resulting in microscopic intra-tow voids caused by fingering, whereas, at low 
injection rates, the capillary flow is dominant causing macroscopic inter-tow voids [53]. These 
phenomena are usually described by the capillary number expressed as the ratio between viscous and 
capillary forces [50]. The size and shape of intra-tow micro-voids are strongly affected by geometric 
heterogeneities inside the fibre tows as well as non-structural stitches [43]. Race-tracking can 
sometimes lead to macro-voids generated when flow patterns reach the vent locations prior to full 
saturation [44].   
Image analysis of glass/epoxy composites with different volume fractions highlighted the importance 
of fibre volume fraction on void formation in resin transfer moulding processes [53]. Higher fibre 
volume fractions result in lower void content and void areal density. This behaviour is attributed to 
higher injection pressures, more uniform fibre architecture as well as lower matrix volume fraction. 
Three distinct types of voids can be identified; voids in resin rich areas, intra-tow voids, and inter-tow 
voids. Increasing the fibre volume fraction decreases the contribution of resin voids to total void 
content and total void areal density. On the contrary, the contribution of intra-tow voids to total void 
areal density increases by increasing fibre volume fraction, while the contribution to total void content 
is reduced, implying that the size of intra-tow voids decreases at higher volume fractions. The 
contribution of voids located next to fibre bundles does not show any clear dependence on fibre 
volume fraction. Fibre volume fraction also affects the distribution of voids along the radius of curved 
parts of components [53].  
The size and location of voids can vary significantly. In general, voids can be classified to spherical 
and bigger random-shaped voids [53]. Randomly shaped voids have more severe effects on 
mechanical performance since they can cause premature crack initiation. The content and the aerial 
density of random voids decrease at higher volume fractions [53]. Consequently, the probability of 
premature crack initiation is reduced by increasing the fibre volume fraction. The spatial void 
distribution is also an important parameter since it dictates the overall performance of the final part 
[50]. An uneven void content distribution can arise from inter-layer space variations or space 
variations between the preform and the mould [50]. Moreover, the fibre content also influences spatial 
void distribution. At higher fibre volume fractions, formation mechanisms can be affected since the 
elevated injection pressure can cause considerable void shrinkage and void transportation may be 
facilitated towards the exit vent locations [53]. Thus, at high fibre volume fractions both preform 
heterogeneity and void mobility mechanisms affect spatial void distribution.  
Nesting effects play an important role on void formation [16,54]. Both the magnitude and variability 
of dry spot content are strongly influenced by nesting and the distribution layer permeability in the 
case of vacuum assisted resin transfer moulding processes. Increasing the preform thickness enhances 
dry spot formation and its variability within the textile [54]. High scatter in by-pass paths permeability 
and high values of distribution layer permeability result in high scatter in dry spot content. This high 
scatter can be reduced by lowering the distribution layer permeability. High dry spot content variation 
implies that the formation of dry spots depends on the spatial distribution of the by-pass paths 
permeability.  
6. Uncertainty in composites cure 
The cure process is a complex thermo-mechanical phenomenon involving several sources of 
uncertainty such as material and tooling characteristics variation as well as environmental/boundary 
condition uncertainties. These uncertainties can affect the formation of residual stresses and can result 
in under-curing, over-curing, cure-induced voids and severe temperature overshoots which may cause 
thermal degradation [4,9,55]. 
6.1 Material properties and boundary conditions variation effects on cure 
The resin cure kinetics is of crucial importance having a great impact on the curing process. The 
parameters of cure kinetics models are usually estimated using differential scanning calorimetry 
(DSC), and can vary due to different handling and storage conditions of the resin or the presence of 
fibre sizing [56]. Particularly, handling and shelf life history uncertainties can cause variability in 
resin state and the initial degree of cure [5,9,56,57]. The thermal, mechanical, and thermo-mechanical 
properties of the material can show significant uncertainties affecting the cure process. These 
uncertainties are generated by the inherent uncertainties of the constituents as well as the previous 
steps of the manufacturing process. Thermal conductivity variations are caused by variations in fibre 
orientation and fibre volume fraction [58]. Variations in heat capacity can be caused by scatter in the 
heat capacity of the constituents and fibre volume fraction [58]. Thermal expansion coefficients are 
affected by uncertainty in the moduli and thermal expansion coefficients of the constituents, volume 
fraction variations and ply misalignment [58,59]. Fibre volume fraction variations also affect the total 
heat of reaction whereas mechanical properties uncertainty is a function of material properties and 
fibre volume fraction variations [58].  
Environmental/boundary condition uncertainties including ambient temperature, moisture, convective 
heat, prescribed pressure and temperature can show variations introducing additional variability to the 
process [58,60]. Apart from environmental conditions, the convective heat is affected by the 
geometric characteristics of the tools [55] and by other random factors such as wrinkles in vacuum 
bags. Variability in convective heat can result in uneven curing and temperature distribution which 
can potentially lead to severe temperature overshoots, or even incomplete cure. The occurrence of 
temperature overshoots is also influenced by tool properties [55,61], implying that in the case of 
composite tooling, additional variability may be added.  
Cure temperature and resin kinetics variations have a great impact on cure time distribution [4]. In 
particular, cure temperature variations dominate over resin kinetics uncertainties having the greatest 
influence on cure time variability, while faster reacting resins show higher cure time variability than 
systems with higher activation energy [4]. Unlike fibre orientation uncertainties, the variation of cure 
process parameters has been not explicitly quantified.   
6.2 Residual stresses-shape distortion 
The cure of composites always results in residual stresses which can lead to delamination, crack 
initiations, and shape distortions such as spring-in or warpage [62,63]. The formation of residual 
stresses is mainly dependent on the mechanical and thermo-mechanical properties of the constituents 
[41,64]. As mentioned in section 6.1, these properties are strongly influenced by the fibre volume 
fraction, implying that fibre volume fraction variations can introduce considerable scatter to the 
formation of residual stresses [41,65]. Regions with locally lower fibre volume fraction are more 
prone to geometrical distortions and defects due to process-induced stresses [9,65]. A variation in the 
order of 6% in fibre volume fraction can lead to 5% variation in the spring-in angle [65]. Such 
deviations can cause serious assembly issues. The development of residual stresses is also affected by 
cure kinetics variations, with variability in activation energy having the greatest impact [64].  Tooling 
properties affect the development of residual stresses as well [66]. Numerical simulations [66] have 
indicated that different mould materials have different effects on the development of process-induced 
residual stresses and strains, implying that in the case of composite tools further uncertainties may be 
added.  
7. Property measurement and model uncertainties 
There are several techniques and modelling practices to characterise the behaviour of composites 
during the different stages of manufacturing. The shear behaviour of preforms can be characterised 
using optical methods, picture frame experiments or bias-extension experiments. Sample size is of 
crucial importance; a larger shearing force is required with increasing sample area. Considerable 
discrepancies can be observed between the three methods, especially at angles above 30
 
degrees [19]. 
A round-robin study involving picture frame experiments and bias-extension experiments for different 
textiles, indicated deviations between the different laboratories. In both cases, the scatter increased 
with shear angle, being more pronounced above 30 degrees [19].  
In plane permeability can be measured by two principal ways: the radial flow technique and the linear 
flow technique. Both of these methods have several variants such as permeability measurements 
during saturated or unsaturated flow as well as constant pressure or constant flow rate measurements. 
Since there are no standard guidelines established to date, it is debatable which technique is the most 
accurate [81].  It has been shown that unsaturated linear flow experiments show the highest 
reproducibility [31,82,83].  According to [81,84,85], linear flow experiments are consistent with 
radial flow experiments, with the latter showing higher variations, whilst in [86] differences were 
found between the unsaturated linear technique and the wetting radial technique. In the case of linear 
flow experiments, errors can be introduced if the flow channel axis does not coincide with the 
principal axis of the fabric [81]. In addition, linear experiments can be significantly influenced by race 
tracking [87]. As Wang et al. [88] recommended evaluation of both radial and linear flow experiments 
should be carried out in order to obtain accurate experimental results. Significant deviations can be 
observed between the saturated and unsaturated flow technique due to transient capillary effects 
during wetting flow experiments [31,83,84,89]. In general, saturated flow experiments lead to higher 
permeability values than those obtained from unsaturated flow experiments [81]. The different types 
of fluids used to measure permeability can also contribute to variability [90].  The shape of the mould 
can also introduce scatter in permeability measurements, implying that measurement performed using 
conventional geometries may not be appropriate for designing complex parts [14]. Although the 
question of sample size is still open [40], as discussed in section 5.1, in general, larger moulds lead to 
lower global permeability variations [30].  A scatter of the same order as the experimental error was 
observed during a round-robin exercise between three different laboratories. The observed scatter was 
related to variation in specimen preparation [31].  However, round-robin results involving 16 different 
experimental procedures indicated a scatter of up to one order of magnitude in principal permeability 
values, whereas the ratio of principal permeability varied by a factor of up to 2. The main source of 
uncertainty between the different procedures was attributed to human factors including 
misconceptions about the experimental process, the use of unsuitable data treatment, different 
permeability definitions, inconsistent use of units and different specimen preparation conditions [81].  
There are several cure monitoring techniques such as DSC, dielectrometry, infrared spectroscopy, and 
dynamic mechanical analysis (DMA). In general cure state measurements using DSC and dielectrics 
agree well [91], whereas significant differences are observed in the measurement of glass transition 
temperature between different techniques such as DSC and DMA [92]. Although DSC is the most 
common method to characterise cure kinetics, considerable discrepancies can be observed due to 
variability in baseline decision, different range of measured data, measurement quality variation, and 
variation in data reduction decisions. [67]. In addition, significant scatter can be observed between 
different cure kinetics models due to different modelling practices and the aforementioned 
characterisation uncertainties [67].  
8. Concluding remarks  
The fabrication of thermosetting composites is a very complex procedure, involving processes of 
different physics and scales. Each of the steps of composite manufacturing (forming, 
consolidation/impregnation and curing) introduces variability to the subsequent manufacturing 
processes, creating strong interdependencies between the process parameters and their variability and 
properties of the product. Therefore, deterministic process simulation models are not able to capture 
fully the real phenomena, rendering the development and implementation of stochastic simulation 
tools for composite manufacturing imperative.  
Fibre volume fraction seems to play the dominant role in composites manufacturing. Fibre volume 
fraction variations due to geometrical heterogeneities caused during the production of pre-pregs/dry 
textiles and forming /draping step along with nesting and edge effects can introduce significant scatter 
in permeability during the impregnation/consolidation step. This can result in flow-induced voids and 
resin rich zones further affecting the fibre volume fraction distribution. Fibre volume fraction also 
affects the thermal, mechanical and thermo-mechanical properties of the constituents introducing 
variability to the cure of composites. Furthermore, the cure process is significantly influenced by 
environmental/boundary condition uncertainties as well as resin property uncertainties due to different 
handling and storage conditions.  These effects can introduce variability in residual stresses/shape 
distortion and can lead to serious cure induced defects. A schematic representation of these 
interdependencies is depicted in Fig. 2.  
Unlike permeability variations, limited data exist regarding uncertainty in forming/draping. In 
addition, variability in composites cure has not been explicitly characterised; the results presented in 
the literature were obtained using conceptual values for the input variable uncertainties rather than 
experimental data. Therefore further investigation should be carried out towards the statistical 
characterization and incorporation of all the sources of uncertainty during the forming/draping and 
cure step.  
The findings presented in this study highlight the importance of variability in composites 
manufacturing and thus the need for future development and incorporation of stochastic simulation 
schemes into the existing commercial simulation tools. This implies that stochastic simulation should 
play a major role in process design; adopting stochastic simulation tools will have tremendous 
benefits in terms of costs. Benchmark guidelines should be developed regarding characterisation 
techniques and modelling practices in all manufacturing steps, to minimise property measurement and 
model uncertainties. 
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 Fig. 1 Tow waviness 
 
Material Dimensions Vf Nexp K1 (10
-10 
m
2
) K2 (10
-10 
m
2
) 
Plain weave glass fibre 1 200mm (circular) 53% 19 1.24±0.36 (±29.2%) 0.65±0.167 (±25.7%) 
Plain weave glass fibre 2  300x300mm 41.7% 85 1.79±0.4 (±22.3%) 1.44±0.29 (±20%) 
Table 1 Permeability measurements for two plain weave glass fibre fabrics; plain weave glass 1 [13], plain 
weave glass fabric 2 [27] 
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 Fig. 2 Schematic representation of interdependencies in composite manufacturing  
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